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Abstract The Enantiornithes is the most speciose clade of Mesozoic avialans with over 60 
named taxa reported from most continents that span the whole Cretaceous. Most of the fossil 
remains of this clade, as well as those of other early diverging avialans are preserved in two- 
dimensions. This complicates to extract detailed anatomical information from the skull, in 
which the composite elements are delicate and thus not easily observable through conventional 
methods. The scarcity of well-preserved early avialan skulls, as well as the limited number 
of specimens that have been analyzed using computed tomography scanning, consequently 
circumscribes a large morphological gap in the fossil record during the transition from the heavy 
and akinetic dinosaurian skull to the lightweight and kinetic bird skull. Here, we present a three- 
dimensional digital reconstruction of the skull and part of the cervical vertebrae of a new specimen 
of the enantiornithine Parabohaiornis martini from the Early Cretaceous of China. Our results 
demonstrate that Parabohaiornis retains the plesiomorphic non-avialan dinosaurian temporal and 
palatal reinforcing the recent hypothesis that the temporal and palatal regions are 
evolutionarily conservative and that the akinetic skull has been conserved well into 

of early branching avialans. 
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Introduction 


The Bohaiornithidae is currently recognized as the most diverse enantiornithine family 


and that encompasses six known genera and species (Bohaiornis guoi, Sulcavis geeorum, 


Zhouornis hani, Shengiornis mengi, Parabohaiornis martini, Longusunguis kurochkini) that 
persisted at least million years (125-120 Ma) (Wang et al., 2014a; Hu et al., 2020), which 
provides a rare chance to investigate taxonomical and morphological diversity during the early 


evolution of the Enantiornithes. Bohaiornithids also display several morphological features 
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that are readily distinguishable from other enantiornithines, such as the large subconical teeth 
with caudally curved tips, the lateral trabeculae of the sternum strongly directed caudolaterally 
that terminate with a fan-shaped expansion, and the presence of hyper-elongated pedal 
claws (Wang X et al., 2010; Hu et al., 2011; O’Connor et al., 2013; Wang et al., 2014a). The 
available materials of bohaiornithids, including some taxa represented by multiple specimens 
that preserve postcranial elements in views, has likely made their postcranial anatomy 
the best known among enantiornithines. Comparatively, our understanding of the cranial 
morphologies of bohaiornithids is still restricted to the facial and jaw bones, leaving the 
morphology of the temporal and palatal regions poorly investigated. This is unfortunate due to 
the fact that, the temporal and palatal structures are functionally critical to certain aspects of 
the avian skull, such as the cranial kinesis, which is a unique functional property that allows 
the upper jaw to move independently of the braincase and lower jaw. This feature is 

due to its contribution to the enormous radiation of the crown birds (Bock, 1964; Zusi, 1984; 
Lovette and Fitzpatrick, 2016). Here we describe a new bohaiornithid specimen which is 
referrable to Parabohaiornis martini on basis of preserving diagnostic characters of this taxon. 
The specimen is unearthed from the Early Cretaceous Jiufotang Formation at the Lamadong 
Town (119 Ma; Yu et al., 2021), Jianchang County, Liaoning Province, Northeastern China, 
where the holotype and referred specimens of Parabohaiornis were collected (Wang et 
al., 2014a). Considering that the postcranial morphologies of Parabohaiornis have been 
sufficiently covered in previous studies, the present work only focuses on the cranium. 
The excellently preserved skull in the new specimen, augmented through x-ray computed 
tomography (CT) scanning, compensates previously unrecognized cranial features with 


2 Materials and methods 


Computed tomography imaging In order to improve the resolution of CT scanning, 
the skull and the articulated cranial six cervical vertebrae of IVPP V28398 have been extracted 
from the slab. Then the block was scanned using the industrial CT scanner Phoenix v-tome-x at 
the Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences 
(IVPP) in Beijing, with beam energy of 160 kV and a of1130 uA at a resolution of 17.911 
um. The resulting scanned images were imported into Avizo (v. 9.2.0) for digital segmentation, 
rendering, and reconstruction. 

Anatomical terminology primarily follows Baumel and Witmer (1993), using English 
equivalents for the Latin terms. 


3 Systematic paleontology 


Avialae Gauthier, 1986 
Ornithothoraces Chiappe, 1995 
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Enantiornithes Walker, 1981 
Bohaiornithidae Wang et al., 2014a 
Parabohaiornis martini Wang et al., 2014a 
Revised diagnosis A medium-sized bohaiornithid enantiornithine that is distinguishable 
from other bohaiornithids in preserving the following combination of characters (asterisk 
marks autapomorphy): maxilla bearing four teeth; nasal perforated by a foramen*; concave 
dorsal margin of lacrimal*; surangular bearing a lateral fossa*; scapular with an acromion 
process oriented in parallel to the shaft in lateral view; tibiotarsus without an intercondylar 
incisure; length ratio of pygostyle to metatarsal III of 0.92—0.99; and a proximal phalanx of 
pedal digit IV proportionately shorter than in other bohaiornithids relative to the penultimate 
phalanx of digit IV (this ratio <70% in Parabohaiornis, but >80% in other bohaiornithids) 
Wang et al., 2014a) 
Remarks IVPP V28398 is larger than the two known specimens of Parabohaiornis: 
specifically, the humerus is 21% and 12% longer than the holotype IVPP V18691 and the 
referred specimen V18690, respectively (Figs. 1,2; Table 1). The new specimen is also 


Table 1 Selected measurements of [VPP V28398 in comparison with other Parabohaiornis martini 
(V18691: holotype; V18690: referred specimen; data from Wang et al., 2014a) (mm) 


Specimen (length) V18691 V18690 V28398 
Skull 42.5 44.1 
Coracoid 21.9 25.6 28.3* 
Scapula 33.3 41.2 
Humerus 43.4 46.7 52.5 
Ulna 43.8 55.7 
Radius 40.3 52.7% 
Alular metacarpal 3,9 4.2 
Alular digit 1 8.1 9.5 
Alular digit 2 3:5 43 
Major digit 1 10.2 10.9 
Major digit 2 7.4 7.8 
Major digit 3 3.2 a2 
Minor digit 1 3:5 5.8 
Pygostyle 18.0 21.8 24.1* 
Tibiotarsus 40.0 45.0 54.4 
Metatarsal I 17.1 20.4 23.7 
Metatarsal III 19.5 22.0 26.7 
Metatarsal IV 18.1 20.6 24.3 
Digit I-1 5.4 6.1 6.1 
Digit I-2 6.0 6.3* 6.8 
Digit Il-1 4.5 5.8 6.2 
Digit I-2 6.8 7.6 8.5 
Digit IN-1 6.4 7.8 7.6 
Digit IN-2 5.4 6.5 8.2 
Digit IV-1 2.9 2.9 3:7 
Digit IV-2 2.6 2.6 3.4 
Digit IV-3 2.9 2.9 3.4 
Digit IV-4 4.1 44 43 


* estimated value. 
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Fig. 1 Photograph of the new referred specimen of Parabohaiornis martini, IVPP V28398 
Abbreviations: ald. alular digit; am. alular metacarpal; ca. caudal vertebra; ce. cervical vertebra; 
co. coracoid; dv . hyoid; il. ilium; is. ischium; 
ma. major metacarpal; mad. major digit; mi. minor metacarpal; mid. minor digit; pu. pubis; 
py. pygostyle; p-I to p-IV. pedal digit I to IV; ra. radius; sc. scapula; sk. skull; st. sternum; sy. synsacrum; 
ti. tibiotarsus; tm. tarsometatarsus; un. ulna; /r(1). left (right) side. Scale bar = 20 mm 
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considered to be more osteologically more mature than those two specimens based on the 
complete fusion of all its compound elements, most notably the fusion of the tibiotarsus and 
tarsometatarsus which remain unfused in V18690 and V18691. 


Fig. 2 Detailed postcranial features of the referred specimen of Parabohaiornis martini, IVPP V28398 
A. pectoral region; B. distal hindlimb 
Abbreviations: ci. capital incisure; m-I to m-IV. metatarsal I to IV; other abbreviations seen in Fig. 1 
Anatomical features used to diagnose this specimen as Parabohaiornis martini are numbered: 
1. omal ends of the scapula expanded; 2. acromion process of the scapula extending proximally in parallel to 
the shaft lateral view; 3. pygostyle without an abrupt distal constriction; 
4. pedal digit II much robust than other pedal digits. Scale bars = 20 mm 
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4 Description 


As in the holotype (Wang et al., 2014a), the premaxillary corpus (the region rostral to the 
frontal and maxillary process) is as dorsoventrally deep as it is rostrocaudally long. The frontal 
processes are partially medially fused with a suture only faintly discernable along their distal 
halves (Figs. 3, 4), a feature otherwise unknown amongst studied enantiornithines (O’Connor 
and Chiappe, 2011; Hu et al., 2020). This feature cannot be determined in the holotype due to 
the lack of exposure. The elongate frontal processes, despite not reaching the frontals, extend 


Fig. 3. Photograph (A) and line drawing (B) of the cranial anatomy 
of the referred specimen of Parabohaiornis martini, IVPP V28398 
Abbreviations: bp. basipterygoid process; bt, basal tubera; de. dentary; dpm. dorsal process of maxilla; 


fpp. frontal process of premaxilla; fr. frontal; hy. hyoid; jpm. jugal process of maxilla; ju. jugal; Ic. lacrimal; 
mx. maxilla; na. nasal; oc. occipital condyle; pm. premaxilla; pr. parietal; qd. quadratojugal; qu. quadrate; 
sa. surangular-articular; sc. scleral ossicle; sp. splenial; /r(1). left (right) side. Scale bars = 10 mm 
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well beyond the rostral margin of the antorbital fenestra, and they are proportionately much 
longer than in some enantiornithines such as Yuanchuavis and Eoenantiornis (Zhou et al., 
2005; Wang et al., 2022). CT scanning reveals four premaxillary teeth on each side (Fig. 4B), 
as is typical of enantiornithines including Bohaiornis (O’Connor and Chiappe, 2011; Wang 
et al., 2014a). Previous studies have estimated that there are three premaxillary teeth in the 
holotype on the basis of the exposed left premaxilla, which was further optimized to diagnose 
this taxon (Wang et al., 2014a). However, the caudal end of its maxillary process ends abruptly 
and therefore is likely incomplete in the holotype, and this prevents further observation 
whether or not an additional tooth exists in life. The rostral three premaxillary teeth are closely 
packed, with the fourth one separated from the rest by a noticeable gap. As in the holotype 
(Wang et al., 2014a), the first premaxillary tooth is smaller than the following ones. The 
triradiate maxillary bears four teeth with the caudalmost one level with the dorsal process, 
which concurs with the observation of the holotype (Wang et al., 2014a). The caudal end of the 
jugal process of the maxilla slants caudoventrally (Fig. 4B), resembling the condition observed 
in Bohaiornis and Yuanchuavis (Hu et al., 2011; Wang et al., 2022). This morphology remains 
elusive in the holotype of Parabohaiornis and other bohaiornithids due to poor preservation. 


A Ic/r B 


Fig. 4 Cranial anatomy of the referred specimen of Parabohaiornis martini, IVPP V28398 
CT scanning of the skull in right lateral (A) and left lateral (B) views 
The orange arrowheads denote the four premaxillary teeth on the left side. The red arrowhead indicates the 


fused proximal ends of the frontal processes of premaxilla that are separated distally (blue arrowhead) 
Abbreviations: ag. angular; po. postorbital; sq. squamosal; other abbreviations seen in Fig. 3 
Scale bars = 10 mm 


A previous study claimed that the nasals of Parabohaiornis lacked the maxillary process 
as seen in Shenqiornis and Bohaiornis (Wang et al., 2014a). However, the preserved nasals 
exhibit uneven ventral margins, making it impossible to verify the original description. Our 
digital reconstruction of the right nasal of the new specimen reveals that the maxillary process 
is in fact present and is sharply tapered ventrally (Fig. 5A, B), resembling the condition 
seen in Sulcavis, Zhouornis, and Longusunguis (O’Connor et al., 2013; Zhang et al., 2013; 
Wang et al., 2014a). The whole element is generally vaulted laterally. The tapering rostral 
end of the nasal projects substantially more rostrally than the maxillary process, contrasting 


202302.00119v1 


a 
a 


chinaXiv 


ChinaXive FRAT 


with the subtle discrepancy observed in Bohaiornis (Hu et al., 2011). The dorsal margin of 
the nasal is weakly convex, rather than concave as in Yuanchuavis (Wang et al., 2022). This 
feature remains elusive in other bohaiornithids due to poor preservation. As in Pengornis but 
unlike other enantiornithines including other bohaiornithids (Zhou et al., 2008; O’Connor and 
Chiappe, 2011; O’Connor et al., 2013; Zhang et al., 2013; Wang et al., 2014a), the right nasal 
is perforated by a foramen (Fig. 5A). This foramen cannot be determined in the left nasal 
due to poor preservation. The smooth margin of that foramen in the right nasal suggests that 
it is genuine rather than a result of a preservational artefact. The corresponding areas of both 
nasals in the holotype are broken. Here the presence of that nasal foramen is considered to be a 
diagnostic character of Parabohaiornis. 

The T-shaped lacrimal bears a rostral ramus that is stouter and shorter than the caudal 
ramus, and together they aldentral dorsal concavity (Fig. 5C, D), a feature which has so 
far only been found in Pengornis and Piscivorenantiornis among enantiornithines (Zhou et al., 


2008; O’Connor and Chiappe, 2011). The robust ventral ramus inclines rostroventrally and is 


H {pp spp 


jpp 


Fig. 5 Anatomy of selected cranial bones of Parabohaiornis martini, IVPP V28398 
Digital reconstruction of the right nasal in lateral (A) and medial (B) views, right lacrimal in lateral (C) and 
medial (D) views, overlapping right jugal and quadratojugal in lateral view (E), right jugal in lateral view (F), 
right quadratojugal in medial view and mirrored (G), and left postorbital in lateral view (H) 
The orange arrowhead in A denotes the foramen in the nasal, and the green arrowhead in C indicates the 
concave dorsal margin of the lacrimal 
Abbreviations: cpl. caudal process of lacrimal; cpq. caudal process of quadratojugal; fpp. frontal process of 
postorbital; ju. jugal; jpp. jugal process of postorbital; jpq. jugal process of quadratojugal; mpj. maxillary 
process of jugal; mpn. maxillary process of nasal; pmn. premaxillary process of nasal; ppj. postorbital process 
of jugal; rpl. rostral process of lacrimal; spp. squamosal process of postorbital; spq. squamosal process of 
quadratojugal; vpl. ventral process of lacrimal; /r(1). left (right) side. Scale bars = 2 mm 
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longer than the dorsal rami. All these morphologies are identical to those of the holotype. CT 
scanning of the right lacrimal shows a crescent-shaped foramen in the juncture of the three 
rami and an oval-shaped foramen in the descending ramus. None of these two foramina can 
be in the holotype, despite the well-preserved right lacrimal of the specimen (Wang 
et al., 2014a). CT scanning of the left lacrimal of IVPP V28398 dose not reveal any sign of 
a ventral foramen (Fig. 4B), indicating that it is a preservational artefact. Unfortunately, the 
corresponding area in the juncture of the left lacrimal cannot be reconstructed with any real 
certainty, which prevents the determination of whether or not that foramen is genuine. 

The jugal is relatively straight and tapers near the rostral extremity (Fig. 5E, F). Its 
caudal end, which is worn off in the holotype, is unforked and curves caudodorsally, as in 
Bohaiornis and Yuanchuavis (Hu et al., 2011; Wang et al., 2022), rather than forked as in some 
other enantiornithines such as Shengiornis, Longusunguis, and Falcatakely (O’Connor and 
Chiappe, 2011; Wang et al., 2014a; O’Connor et al., 2020). There is a small element, overlain 
by the caudal end of the right jugal (Fig. 5E), that is interpreted as the quadratojugal, due to its 
proximity to the jugal and the fact that most of the cranial bones have been minimally displaced 
relative to each other. The quadratojugal measures approximately 1/3 the length of the jugal, 
and more than 4/5 of the quadratojugal has been overlain by the jugal. If this interpretation is 
correct, then the quadratojugal of Parabohaiornis is unique among enantiornithines in having 
a caudal process (Fig. 5G), which is a plesiomorphic feature widely distributed in non-avialan 
theropods but lost in most early avialans (Rauhut, 2003; Sullivan and Xu, 2017; Wang and 
Hu, 2017). The caudal process is slightly over half the length of the jugal process. Unlike the 
T-shaped morphology observed in most non-avialan theropods (Rauhut, 2003; Norell et al., 
2006), the squamosal process is reduced to a short projection that measures approximately 1/10 
of the length of the quadratojugal. A comparable reduction of the squamosal process has not 
been found in any other early diverging avialans including enantiornithines (Elżanowski and 
Wellnhofer, 1996; Rauhut, 2014; Wang and Hu, 2017; Wang et al., 2021), where the squamosal 
process is nearly as long as the jugal process (O’Connor and Chiappe, 2011; Wang et al., 2022; 
Li et al., 2023). 

The postorbital, which is not preserved in the holotype, is preserved in its entirety on 
both sides (Fig. 4). This element has been identi initwo bohaiornithids, Shengiornis and 
Longusunguis (O’Connor and Chiappe, 2011; Hu et al., 2020). The T-shaped bone is more 
morphologically similar to that of Longusunguis in being delicate and having an elongate 
ventral ramus that is twice longer than the dorsal rami (Fig. 5H), from the large and 
broad form seen in Shengiornis (O’Connor and Chiappe, 2011). The dorsal rami define an 
acute angle dorsally, contrasting with the weakly concave dorsal margin seen in Shengiornis, 
Longusunguis, and Yuanchuavis (O’Connor and Chiappe, 2011; Hu et al., 2020; Wang et al., 
2022). In the new specimen, the squamosal, an enigmatic cranial bone that has only been 
described in several early diverging avialans (O’Connor and Chiappe, 2011; Hu et al., 2020; 
Wang et al., 2022), remains articulated with the left quadrate (Fig. 6A). The bone is comparable 
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to that of Longusunguis in having an elongate pointed postorbital, quadratojugal processes, and 
a blunt paroccipital process (Fig. 6B—E) (Hu et al., 2020). The parietal process appears to be 
hidden by the paroccipital process in lateral view, which is likely in part due to compression. 
Unlike Yuanchuavis, Archaeopteryx, and some non-avialan theropods such as Deinonychus 
(Ostrom, 1969; Elzanowski and Wellnhofer, 1996; Wang et al., 2022), but as in enantiornithine 
IVPP V12707 and Longusunguis (Hu et al., 2020; Wang et al., 2021), the postorbital process 
is unforked rostrally. The rostroventrally oriented quadratojugal process is rod-like, in contrast 
with the rectangular form seen in Yuanchuavis (Wang et al., 2022). The caudal surface of the 
quadratojugal process is grooved along its entire length, giving it a V-shaped cross section (Fig. 
6B, D), as in V12707 (Wang et al., 2021). The quadrate cotyla appears to be deeply inserted 
into the main body of the squamosal, and it is rostrocaudally longer than it is mediolaterally 
wide. However, this condition may have been exaggerated by compression. The parietal and 
paroccipital processes are much shorter than those observed in Longusunguis and V12707. 


A C prs 


Fig.6 Anatomy of temporal bones of Parabohaiornis martini, IVPP V28398 
Digital reconstruction of the articulated left squamosal and quadrate (A), left squamosal in lateral (B), dorsal 
(C), ventral (D), medial (E) views, and left quadrate in rostrolateral (F), caudomedial (G), dorsal (H) views 
Abbreviations: mdq. mandible process of quadrate; obq. orbital process of quadrate; otq. otic process of 


quadrate; pas. paraoccipital process of squamosal; pps. postorbital process of squamosal; prs. parietal process 
of squamosal; qcs. quadrate cotyla of squamosal; qps. quadratojugal process of squamosal; 
qu. quadrate; sq. squamosal. Scale bars = 2 mm 
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Both quadrates are severally compressed, particularly the mandibular process. Therefore, 
it is unclear whether or not a bicondylar condition is present as is the case in some other 
enantiornithines, e.g., Shenqiornis and Longipteryx (O’Connor and Chiappe, 2011; Stidham 
and O’Connor, 2021). The better-preserved dorsal portion of the quadrate is largely comparable 
to that of Yuanchuavis and non-avialan theropods. For instance, the orbital process is deep 
dorsoventrally and broadly convex rostrally, with a straight dorsal margin that extends to the 
otic process (Fig. 6F-G) (Hendrickx et al., 2015; Wang et al., 2022). In contrast, the orbital 
process is dorsoventrally much narrower in some enantiornithines such as Longusunguis and 
V12707 (Hu et al., 2020; Wang et al., 2021), and it is further into a sharply pointed 
shape in more crownward taxa such as Hesperornis (Lucas, 1903; Baumel and Witmer, 1993; 
Livezey and Zusi, 2006; Elżanowski and Stidham, 2011), which results in a deeply concave 
dorsal margin between the otic and orbital processes. However, the preserved shape of the 
orbital process in Longusunguis and V 12707 can be attributed to ontogeny, given that the 
known specimens are skeletally immature. As in other enantiornithines (Stidham and O’Connor, 
2021; Wang et al., 2022), the otic process is not divided into a squamosal and otic capitulum. 
In contrast to the condition seen in Shenqiornis and Pengornis, the caudal surface of the 
quadrate is not perforated by a foramen. 

The frontals and parietals are severally crushed, providing few anatomical features other 
than those recognized in the holotype. 

A mandibular symphysis is absent as in most other enantiornithines and early avialans 
(Fig. 4) (O’Connor and Chiappe, 2011). Same as in the typical condition of enantiornithines, 
the dentary has paralleling dorsal and ventral margins and a caudoventrally sloping caudal 
end. Six dentary teeth are present on each side. All these morphologies are identical to those of 
the holotype (Wang et al., 2014a). The post-dentary mandibular elements are well-preserved 
in the new specimen, whereas they are missing in the holotype. The articular and surangular 
are completely fused with one another, but they are not fused with the angular (Figs. 4, 7A, 
B). The surangular is sigmoid in lateral view, with its rostral two thirds bowed ventrally. The 
caudal third portion is dorsoventrally deeper than the rostral part and bears a lateral fossa 
close to the dorsal margin (Fig. 7B). A similar fossa is absent in most other enantiornithines, 
including Bohaiornis, Longusunguis, and Gretcheniao (Hu et al., 2011; Wang et al., 2014a; 
Chiappe et al., 2019). However, in Fortunguavis and some juvenile enantiornithines (e.g., 
IVPP V12707), the surangular is perforated by an oval foramen near the similar position 
(Chiappe et al., 2007; O’Connor and Chiappe, 2011; Wang et al., 2014b, 2021). Given that 
both specimens of IVPP V28398 and Fortunguavis holotype from osteologically mature 
individuals, the presence of this foramen/fossa cannot be unequivocally attributed to ontogeny 
as claimed in previous studies (Chiappe et al., 2007; O’Connor and Chiappe, 2011). Here we 
suggest that the fossa/foramen seen in those enantiornithines is homologous to the surangular 
foramen of non-avialan dinosaurs when considering their comparable anatomical positions 
(Weishampel et al., 2004; Norell et al., 2006). As in Fortunguavis, the medial process of the 
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mandible is robust and tapers as it projects mediocaudally. This structure cannot be recognized 
in other bohaiornithids due to poor preservation (Su/cavis and Shenqiornis) and/or lack of 
exposure (Zhouornis, Longusunguis, and Bohaiornis). The medial process is concave dorsally 
and separated from the quadrate cotyla by a rostromedially oriented crest. The quadrate cotyla 
is distinct with its long axis directed rostromedially (Fig. 7A). The rostral 

half of the angular is spathulate in lateral aspect, and its caudal part is rod-like. 

The cranial base of IVPP V28398 is relatively well-preserved. The basioccipital, 
basisphenoid, and parasphenoid appear to be fused with each other (Fig. 7B, C). As in 
Zhouornis, the occipital condyle is mediolateral wider than dorsoventrally high. The paired 
basal tubera is robust, projects ventrolaterally, and exceeds the occipital condyle in ventral 
projection, which is similae to the condition observed in some non-avialan theropods such 
as Dromaeosaurus and Velociraptor (Currie, 1995; Witmer, 1997; Barsbold and Osmolska, 
1999). In contrast, this structure is reduced to a small swelling in Archaeopteryx (Rauhut, 
2014; also in Zhouornis, see g. 2 in Zhang et al., 2013), some non-avialan theropods (e.g., 
Saurornithoides; Barsbold, 1974), Hesperornis (Elzanowski, 1991), and more crownward taxa 
with some exceptions such as penguins and long skulled birds (Baumel and Witmer, 1993; 
Bertelli et al., 2006). As in some theropods including early avialans such as Archaeopteryx, 
Cratonavis, Zhouornis, and IVPP V12707 (Zhang et al., 2013; Rauhut, 2014; Wang et al., 
2021; Li et al., 2023), a large basisphenoid recess is developed, and it is rimed caudally by a 
crest that connects to the basal tubera (Fig. 7B). As in Zhouornis, V12707, and Archaeopteryx 


fo 


SS bap 


Fig. 7 Anatomy of selected elements of lower jaw and cranial base Parabohaiornis martini, [VPP V28398 
Digital reconstruction of the left surangular-articular in medial (A) and lateral (B) views, 
basioccipital-basisphenoid-parasphenoid in lateral (C) and ventral (D) views 
Abbreviations: bap. basipterygoid process; bat. basal tubera; bpr. basipterygoid recess; bsr. basisphenoid 
recess; fo. lateral fossa of surangular; mep. medial process of mandible; occ. occipital condyle; 
par. parasphenoid rostrum; qcm. quadrate cotyle of mandible; sre. subsellar recess. Scale bars = 5 mm 
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(Zhang et al., 2013; Rauhut, 2014; Wang et al., 2021), the basipterygoid processes are 
prominent. In contrast, this structure is greatly reduced in crownward taxa such as Hesperornis 
and most neognaths (Gingerich, 1976; Baumel and Witmer, 1993), but it is prominent in 
paleognaths (Livezey and Zusi, 2006; Wang et al., 2021). The basipterygoid processes appear 
to project as far ventrally as the basal tubera. In common with Archaeopteryx (Rauhut, 2014), 
the basipterygoid process bears a dorsal depression (Fig. 7C), which corresponds to the 
basipterygoid recess seen in non-avialan theropods (Currie, 1995; Witmer, 1997). However, 
that recess is absent in V12707 (Wang et al., 2021), and it remains unknown in Zhouornis. 
A deep subsellar recess is developed at the base of the parasphenoid rostrum (Fig. 7D), as 
in V12707 and some-nonavialan theropods such as Velociraptor (Bock, 1964; Barsbold and 
Osmolska, 1999; Wang et al., 2021). In contrast, that recess is absent in crown birds (McDowell, 
1948). As in Cratonavis and the crown taxa (Livezey and Zusi, 2007; Li et al., 2023), the 
ventral surface of the parasphenoid rostrum is convex, lacking the trough present in V12707 
and some non-avialan theropods (Currie and Zhao, 1993; Wang et al., 2021). 

The cranial six cervicals, including the atlas and axis, loosely remain in articulation and 
are exposed dorsally (Figs. 1, 8). We digitally reconstructed the third and sixth cervicals and 
provide additional anatomical features that are not mentioned in the previous studies of the 
holotype and the referred specimen of Parabohaiornis (previous attempts to reconstruct the 
atlas and axis have been unsuccessful). As in other enantiornithines, the third to sixth cervicals 
are as craniocaudally long as mediolaterally wide (Fig. 8A, B), and lack the marked elongation 
seen in the contemporaneous ornithuromorphs, e.g., Yanornis, Yixianornis. The diverging pre- 
and postzygapophyses form an X-shaped contour in dorsal view, and the latter splay more 
laterally than the former (Fig. 8C). The neural spines are dorsoventrally low and fail to reach 
either the cranial nor the caudal margins of the associated centrum, as is the condition in other 
bohaiornithids (Zhang et al., 2013; Wang et al., 2014a). The ventral surface of the centrum is 
strongly keeled (Fig. 8B), which is also seen in Su/cavis and Bohaiornis but unknown in other 
bohaiornithids (Hu et al., 2011; O’Connor et al., 2013). Although compressed, the cranial 
and caudal articular facets of the cervical centra appear to be heterocoelous (Fig. 8E, F). The 
carotid processes, present in Sulcavis (O’Connor et al., 2013), are lacking. The cervical ribs are 
unfused with the third and fourth cervicals, but they are fused with the following two cervicals 
(Fig. 8B, D, H). In contrast, those ribs are all fused with the corresponding vertebrae in other 
bohaiornithids, e.g., Zhouornis, Bohaiornis. It should be noticed that the ribs are unfused 
with the last two cervicals but are fused with the preceding four vertebrae in the holotype of 
Sulcavis (O’Connor et al., 2013). However, due to poor preservation, the identitification of 
these cervicals cannot be properly determined in that particular specimen, thus preventing any 
direct comparison with IVPP V28398. 
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Fig. 8 Anatomy of cranial cervical vertebrae of Parabohaiornis martini, IVPP V28398 
CT image of the cranialmost six cervicals in dorsal (A) and ventral (B) views, respectively. Digital 

reconstruction of the third cervical in dorsal (C), ventral (D), cranial (E) and caudal (F) views; the sixth 
cervical in dorsal (G) and ventral (H) views. The orange arrowheads in B and D denote the unfused cervical 
ribs and centra, and the purple arrowheads in B and H denote the fusion between the cervical ribs and centra 
Abbreviations: at. atlas; ax. axis; caf. cranial articular facet of centrum; cer. cervical rib; cvf. caudal articular 

facet of centrum; nus. neural spine; poz. postzygapophysis; prz. prezygapophysis; vep. ventral process; 

IH-VI. third to sixth cervicals. Scale bars = 5 mm (A-D, G, H); scale bars = 2 mm (G, H) 


5 Discussion 


The new specimen IVPP V28398 is referrable to the enantiornithine family 
Bohaiornithidae due to the following shared diagnostic features with the clade: the teeth are 
large and subconical with sharply tapered and slightly caudally recurved crowns; the omal 
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ends of the furcula are expanded; the scapular shaft is slightly bowed with a straight ventral 
margin and convex dorsal margin; the pygostyle gently tapers distally without an abrupt distal 
constriction; and the pedal digit II is much more robust than the other pedal digits (Figs. 
1, 2) (Wang et al., 2014a). More specifically, V28398 can be referred to the bohaiornithid 
Parabohaiornis martini due to their overall comparable morphologies (including postcranial 
skeletons) and limb proportions (Table 1). In particularly, they preserve the following 
combination of characteristics that can distinguish this taxon from other bohaiornithids: the 
maxillary bears four teeth; the dorsal margin of the lacrimal is concave centrally; and the 
acromion process of the scapula extends cranially nearly parallel to the shaft in lateral view 
(Wang et al., 201 4a). 

The temporal and cranial base regions that are functionally vital to avian cranial kinesis 
are poorly investigated in early diverging avialans including many enantiornithines (Bock, 
1964; Zusi, 1984; Holliday and Witmer, 2008; Gussekloo et al., 2017), with progress made 
in most recent studies (Hu et al., 2020; O’Connor et al., 2020; Wang et al., 2021, 2022; Li 
et al., 2023). On one hand, elements in these regions are delicate and thus are less likely to 
be preserved in great compared to other cranial elements (e.g., maxilla, dentary). On 
the other hand, most of the known early branching avialan fossils are only preserved in two- 
dimensions (e.g., Jehol specimens), severally limiting the data obtainable through traditional 
observation under microscopy. The well-preserved skull of the new specimen, visualized 
via high-resolution of x-ray CT, provides new data about the temporal and cranial base 
configurations in early avialans. The T-shaped postorbital with an elongate jugal process, 
and the dorsally directed caudal end of the jugal, likely constitute a complete postorbital bar 
that separates the orbital from the temporal fenestra. The free squamosal with a pronounced 
postorbital process articulates with the elongate squamosal process of the postorbital, 
forming a temporal bar that separates the supratemporal fenestra from the infratemporal 
fenestra. Therefore, an ancestrally diapsid temporal region is present in Parabohaiornis, as 
in Longusunguis, Yuanchuavis, and IVPP V12707 (Hu et al., 2020; Wang et al., 2021, 2022). 
However, the highly reduced squamosal process of the quadratojugal probably fails to reach 
the squamosal. This suggests that the infratemporal fenestra is confluent with the quadrate 
fenestra, which is guration (Currie, 
1995; Holliday and Witmer, 2008). In contrast, the squamosal-quadratojugal contact is retained 
in the aforementioned enantiornithines (Hu et al., 2020; Wang et al., 2021, 2022). The loss of 
any squamosal-quadratojugal contact may have released some intracranial constraints, but the 
skull of Parabohaiornis is certainly akinetic given the presence of the postorbital and temporal 
bars, as well as the pronounced basipterygoid processes that severely restricted the sliding 
movements of the palatal elements (Holliday and Witmer, 2008; Gussekloo et al., 2017; Wang 
et al., 2022). Interestingly, the recent study of the Yuanchuavis cranial anatomy shows that its 
palatine is modified from the tetraradiate condition seen in Archaeopteryx and non-avialan 


theropods by the loss of the jugal process, which also helps to reduce the constraints imposed 
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on intracranial movements (Wang et al., 2022). These observations demonstrate independent 


experimentations that took place during the evolutionary assembly of kinetic skull in early 


avialan history. Future studies utilizing enhanced visualization approaches that encompass 


more specimens, most importantly the early diverging members of the Ornithuromorpha are 


needed to piece together the tempo and patterns of structural modifications that led to the 


modern avian skull. 
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